The case so far for developing a herpes simplex virus vaccine
=============================================================

Why do we need a HSV vaccine?
-----------------------------

Development of a prophylactic vaccine for herpes simplex virus types 1 and 2 (HSV1 and 2) is a WHO-supported global public health priority because (1) genital herpes caused by HSV1/2 is now the commonest sexually transmitted infection and causes severe disease in neonates; (2) HSV1 is the leading cause of infectious blindness in western countries; (3) prior HSV2 infection leads to a two- to threefold increased risk of HIV infection globally.^[@bib1]^ The synergy between HIV and HSV is not completely understood but \>40% of HIV transmissions in sub-saharan Africa are estimated to occur in a setting of HSV2 infection.^[@bib2]^ Daily suppressive antiviral therapy for HSV does not completely suppress viral shedding and had no impact on HIV acquisition,^[@bib3]^ probably because of inadequate antiviral pharmacokinetics^[@bib4]^ but a prophylactic HSV vaccine would most likely have a positive impact on the HIV epidemic.

HSV is a neurotropic virus that invades the skin and mucosal lining of the anogenital and oral tracts. HSV can penetrate into the upper layer, the epidermis, especially where the outermost, cornified layer is thin (labia, inner foreskin, facial lips), absent (rectum, endocervix, vagina) or traumatically destroyed. HSV productively infects the epidermal keratinocytes and Langerhans cells (LCs; a type of dendritic cell (DC)). It then enters cutaneous nerve endings and is transported along axons to a collection of nerve cells close to the spine, the dorsal root ganglion, to establish lifetime latent infection. After periodic reactivation, the virus is transported back along neurons to the mucosa where it causes recurrent lesions, or is shed asymptomatically.^[@bib5]^ HSV1 causes oral herpes and initial (and occasional recurrent) genital herpes, whereas HSV2 causes initial and recurrent genital herpes.

What is the history of HSV vaccine clinical trials?
---------------------------------------------------

Progress in the development of vaccines for herpesviruses has been inconsistent. The live attenuated varicella virus Oka strain is the only human success although live attenuated vaccines for pseudorabies virus in pigs and Marek\'s disease in turkeys have also been successful. For 50 years, many attempts at HSV vaccine development have been unsuccessful. Live attenuated candidates were initially avoided because of carcinogenic fears and have now been replaced by specifically mutated attenuated viral candidates that are currently in clinical trials (such as HSV529).^[@bib6]^ Other candidates include hybrid recombinant viruses, DNA vaccines and recombinant viral proteins.

Unlike live attenuated vaccines, recombinant protein vaccines require combination with an adjuvant to stimulate the immune system. Adjuvants enhance and direct the nature of the immune response, for example, towards T-cell or antibody responses or both. This is usually orchestrated through antigen-presenting cells, particularly DCs. The first partially effective HSV2 genital herpes vaccine candidate, Simplirix, consisted of a recombinant soluble viral surface protein, glycoprotein D2, and the adjuvant system AS04. Glycoprotein D2 is widely recognised by human populations, inducing both neutralising antibody and CD4 T cells^[@bib7]^ and AS04 consists of alum and deacyl monophosphoryl lipid A (dMPL), extracted from the cell wall of *Salmonella minnesota*. Simplirix showed 74% efficacy but only in HSV1/2 seronegative women with long-term HSV2-infected partners.^[@bib8]^ However, the subsequent Herpevac trial of Simplirix in randomly selected HSV1 and 2 seronegative women surprisingly showed efficacy against genital herpes caused by HSV1 (58%) but not HSV2 (only 20% efficacy).^[@bib9]^ Thus cross-protection against HSV1 can be induced by this HSV2 gD vaccine. The better efficacy of the first trial may be attributed to subclinical exposure to the partner\'s genitally shed HSV2, priming a successful vaccine response. The efficacy of the novel adjuvant dMPL, a TLR4 agonist, was attributed to induction of CD4 Th1 patterns of immune response and also to neutralising antibody, but CD8 T-cell responses were not induced.^[@bib10]^

Varicella zoster virus, which causes chicken pox and herpes zoster (shingles) is also an alphaherpesvirus, like HSV. The pathogenesis of the two viruses is similar. Recently a similarly formulated vaccine candidate for herpes zoster (Shingrix) was highly effective showing 97% efficacy, even in subjects \>60 years of age.^[@bib11]^ The vaccine consists of a single varicella glycoprotein and a similar adjuvant system, AS01B, which contains dMPL and QS21 formulated with liposomes. The saponin QS21 is derived from the bark of the soap bark tree (*Quillaja saponaria*). Enhanced vaccine-specific CD4 T-cell and humoral responses are elicited by this adjuvant, although again primary CD8 T cells are not stimulated.^[@bib12]^

These trials demonstrate that substantial protection against HSV disease and herpes zoster can be induced by recombinant viral proteins combined with an adjuvant that induces the appropriate adaptive (T and B cell) immune response, by targeting innate immune antigen-presenting cells. So far with HSV this is partial.

Why only partial success so far?
--------------------------------

The success of the Shingrix vaccine contrasts sharply with the partial success of the similarly formulated Simplirix vaccine. There are a number of potential reasons for the difference in efficacy, all of which highlight the need for understanding the immune pathways in natural varicella zoster virus and HSV infection to inform vaccine design. These include (1) differences in the immune response required to control the disease (although with these related viruses, the requirements are thought to be similar); (2) immunotherapy versus prophylaxis---herpes zoster is a reactivation disease, whereas the end point for the genital HSV trials was primary infection/disease, (3) differences in the action of the adjuvant. We will discuss these points with particular reference to HSV.

Both antibody and CD4 T-cell function were enhanced by the Simplirix vaccine but antibody correlated best with individual efficacy in the Herpevac trial.^[@bib10]^ However, the Chiron vaccine candidate (gD/gB, MF59 adjuvant), which induced very high levels of neutralising antibody, was not efficacious.^[@bib13]^ The induction of CD8 T cells may be required for success with both prophylactic and therapeutic HSV vaccines, and this has been supported by trials of candidate vaccines from Agenus and Genocea, discussed below.

The distinction between an immunotherapeutic vaccine and prophylactic vaccine is critical. Prophylactic vaccines (such as Simplirix) aim at preventing acquisition of a pathogen and thus must stimulate broad and durable immunity at all portals of pathogen entry, in the case of HSV, all mucosal surfaces. In order to generate a primary immune response, naive T cells require an antigen-specific signal and a second costimulatory signal (for example, CD80/86 ligation of CD27) to become activated into effector cells. DCs, which are relatively rare, are referred to as 'professional\' antigen-presenting cells as they (1) migrate to the lymph nodes where naive T and B cells reside and (2) are superior at providing the second activation signal. Thus, a successful prophylactic vaccine should stimulate the appropriate DCs. On the other hand, as herpes zoster is a reactivation disease, the Shingrix vaccine constitutes a therapeutic vaccine. Therapeutic vaccines aim to reduce recurrences or minimise disease severity and duration. Stimulating memory B and T cells is an easier task than stimulating primary lymphocytes as they are much more abundant, are more sensitive to and respond more vigorously to restimulation, and they can readily enter tissues during inflammation or indeed reside there. Critically, they do not require costimulation for activation so can be activated by a multitude of antigen-presenting cells including abundant keratinocytes, monocytes and inflammatory DCs (DCs arising from monocytes under inflammatory conditions). Memory lymphocytes are also more likely to be activated in the peripheral tissue where the disease occurs. Activation of memory T cells could account for much of the success of Shingrix over Simplirix.

A thorough understanding of the innate immune response that underpins a desired acquired response could go a long way to improving vaccine design. It is important to know (1) what type of immune response is desired and which pathogen epitopes/proteins are important, (2) which DCs to target to elicit the desired response, (3) how to target/activate those DCs and (4) how the selected adjuvant works.

Immune control of HSV
---------------------

### Innate immunity

An important component of the innate immune response to HSV is the production of type I interferons (IFN), which has been linked to protection against disease in both mouse models and humans.^[@bib14]^ HSV can stimulate innate immune cells via toll-like receptor (TLR)2 and TLR9 directly via viral glycoprotein and viral DNA, respectively.^[@bib15]^ This signalling results in the production of proinflammatory cytokines, including type I IFN (namely IFNα and β), which in turn stimulate the expression of multiple interferon-stimulated genes in surrounding cells. The collective action of these interferon-stimulated genes works to limit initial infection via functions including inhibition of viral protein expression, apopotosis and recruitment of immune cells. HSV can also stimulate type I IFN production from keratinocytes through various pattern recognition receptors.

Plasmacytoid DCs (PDCs) and natural killer cells (NK cells) are critical players in the innate immune response to HSV and their absence has been linked to enhanced susceptibility or exacerbated HSV disease.^[@bib16],\ [@bib17],\ [@bib18]^ PDCs produce vast amounts of IFNα. They infiltrate recurrent HSV lesions at both early and late time points and reside at the dermo-epidermal junction, closely associated with activated T cells and NK cells.^[@bib17],\ [@bib19]^ Although their main role is IFNα production, they are capable of stimulating autologous T cells, namely CD8 T cells, in the absence of infection.^[@bib19]^ This implies that they contribute to the development of adaptive immunity via cross-presentation, and indeed a subset of PDCs were recently found to upregulate CD8α, a marker associated with cross-presenting DCs in mice.^[@bib20]^ Although their role in antigen presentation *in vivo* remains to be resolved, it is clear that PDCs do secrete high levels of antiviral IFNα and other cytokines to recruit NK cells, T and B cells to the infected site.

NK cells have two main roles in HSV innate immunity---to kill infected cells and produce IFNγ, which helps polarise a Th1 adaptive response.^[@bib21]^ They are activated by DCs via cytokines and direct contact. In particular, activation by IFNα from PDCs or other TLR3-expressing cells^[@bib22]^ is critical for their cytotoxic activity. Furthermore, NK cells can augment DC--T-cell responses and present antigen to T cells directly *in vitro*.^[@bib23],\ [@bib24]^ Eliciting NK cell activity may be an underappreciated facet of HSV vaccine design, yet enhanced NK cell cytotoxicity induced by vaccination has been linked to protection against herpes keratitis in mice.^[@bib25]^

There is conflicting evidence on the absolute importance of NK cells and PDCs in HSV immunity, which may be in part accounted for by different animal models, different routes of infection and different sites of pathology (corneal versus mucosal versus systemic). However, the cumulative data indicate their essential role for early innate control of the virus, but that they are insufficient for full protection, which likely requires an adaptive immune response.

### The role of T cells in control of HSV infection

There is increasing evidence that the important adaptive immune modalities in controlling HSV infection are neutralising antibody as well as both CD4 and CD8 T cells. A HSV vaccine will likely have to induce a stronger humoral and cellular immune response than is elicited by natural infection in order to prevent the establishment of latency, or in an immunotherapeutic setting, to prevent shedding/disease outbreaks. Neutralising antibodies were identified as a correlate of protection in the Simplirix trial.^[@bib10]^ With the exception of herpes zoster vaccines, T-cell responses have not been identified as critical correlates of protection in humans, probably because candidate vaccines have either not sufficiently stimulated T-cell responses or the appropriate responses have not been measured. However, there is ample evidence of their importance in HSV immunity. The severity of HSV2 disease and/or shedding inversely correlates with the number of HSV-specific CD8 T cells in both immunocompetent and immunocompromised patients. This has been measured in both blood and HSV lesions.^[@bib26],\ [@bib27]^ In recurrent HSV genital lesions, CD4 T cells, monocytes and PDCs infiltrate first, followed days later by CD8 T cells,^[@bib28]^ which coincides with viral clearance in the lesion.^[@bib29]^ Both cytolytic activity and IFNγ production by T cells are important for clearance.^[@bib28],\ [@bib30]^ In humans, but not mice, HSV attempts to evade the immune system by downregulating MHC-I expression in infected keratinocytes. This is however reversed by IFNγ produced mainly by CD4 T cells, thus allowing CD8 T cells to recognise and kill infected keratinocytes.^[@bib31]^ IFNγ also stimulates MHC-II expression on keratinocytes, allowing recognition by CD4 T cells.^[@bib31]^ Thus, Th1 patterns of response are important for immune and vaccine control of HSV.

In primary HSV infections, which have almost exclusively been studied in mice, CD4 T cells are critically important in genital epithelial immunity, whereas CD8 T cells mostly have a role in clearing infection from neurons. In humans, CD4 T-cell help is critically important for optimal priming of HSV-specific CD8 T cells in both lymph nodes and tissues.^[@bib32]^ Precisely how these T-cell responses are regulated in the lymph nodes and especially at the site of infection remains poorly understood although much ground has been made in mouse models.

After infection, HSV-specific memory CD8 T cells accumulate in the skin near sensory nerve endings in mice and humans. These cells rapidly control shedding of HSV from these nerve endings and infection of epithelial cells,^[@bib33],\ [@bib34]^ preventing the formation of new lesions.^[@bib35],\ [@bib36]^ Establishment of tissue resident memory CD8 T cells, especially of the αα phenotype,^[@bib36]^ by vaccination could be effective at containing a primary HSV infection and preventing seeding of nerves that leads to latent infection in the dorsal root ganglion.^[@bib37]^ However novel strategies, such as the use of topical chemokines may be needed to protect the full extent of the anogenital tract susceptible to HSV infection, as shown in mice by 'prime and pull\' strategies.^[@bib35]^

### The role of DCs in stimulating HSV immunity

DCs are essential for priming antigen-specific, naive CD4 and CD8 T cells. Classically, DCs take up a pathogen, become activated by pathogen-associated molecules such as cell wall components, lipoproteins or nucleic acids, and migrate to the draining lymph node where they present their antigens to and activate CD4 and CD8 T cells. Multiple phenotypically and functionally distinct DC subsets reside in the blood and peripheral tissues in mice and humans. In human skin, LCs are the major DC subtype populating the epidermis, whereas in the dermis, three major subtypes reside: CD141^+^/XCR1^+^ DCs, CD1a^+^/CD1c^+^ DCs and CD14^+^ DCs, the latter being distinct from the prevalent CD14^+^ macrophage population.^[@bib38]^ Each subset has a tendency to polarise different T-cell responses^[@bib39]^ with CD141^+^/XCR1^+^ DCs notably superior at stimulating CD8 T cells via antigen cross-presentation.^[@bib40]^

In the case of HSV, the pathway to antigen presentation is complex involving multiple types of DCs. The viruse first infects LCs in the epidermis of mice and humans^[@bib41],\ [@bib42]^ but they are not the predominant DCs carrying HSV antigen out of skin nor presenting antigen to T cells in the draining lymph nodes. Instead, infected murine and human LCs undergo apoptosis and are taken up by bystander dermal DCs.^[@bib41],\ [@bib43],\ [@bib44]^ In murine skin, these migratory dermal DCs carry HSV antigen out of skin and are essential for T-cell priming in the lymph nodes, together with XCR1^+^ lymph node-resident DCs. The migratory dermal DCs prime CD4 T cells^[@bib45],\ [@bib46]^ but CD8 T cells, at least in mice, are primed by cross-presentation from both migratory and lymph node-resident XCR1^+^ DCs (human CD141^+^ equivalents) that acquire antigen from the migratory DCs.^[@bib47],\ [@bib48]^ The contribution of migratory versus lymph node-resident DCs may also depend on the route of infection however, as Lee *et al.*^[@bib49]^ showed that whereas migratory DCs were inefficient at priming T cells after epidermal infection with HSV, and perhaps acted as antigen ferries to the lymph node, they were in fact the most efficient DCs to prime CD4 and CD8 T cells after vaginal mucosal infection.

The role of various DCs may change again when T-cell priming at the peripheral site of infection, not lymph nodes, is considered. Macleod *et al.*^[@bib50]^ observed that effector CD4 and CD8 T cells in mice were activated by different sets of antigen-presenting cells in the skin. Multiple epidermal and dermal DCs presented antigens to CD4 T cells, whereas CD8 T cells only responded to directly infected epidermal antigen-presenting cells including LCs and keratinocytes. It should be noted though that while HSV-specific CD8 T cells infiltrate into the epidermis and remain as tissue resident memory T cells in mice, in humans they do not, instead persisting in the dermis at the dermo-epidermal junction.^[@bib27]^ Thus the antigen-presenting cells responsible for stimulating CD8 T cells in human skin may differ again.

The relative contributions of different DC subsets to stimulating T-cell subsets such as CD4 Th1, 2, 9 and 17, Tfh, Tregs and CD8 T cells in skin and lymph node is still being elucidated and the whole sequence of events remains unconfirmed in humans, especially in primary HSV infection. Murine models have been very useful in examining the route of infection of skin/mucosa after initial HSV infection, and subsequent immune events, but have limitations. True recurrent disease and shedding does not occur in mice. Murine skin is much thinner than human skin and does not show the same degree of stratification or the same distribution of immune cell subsets. As an example of the marked differences between humans and mice, HSV initially infects epidermal γδT cells in mice, but not in humans.^[@bib51]^ To overcome these limitations, we have developed an *ex vivo* model of HSV infection in human foreskin explants and compared this with biopsies of primary HSV lesions from human genital tissue.

### Evidence for a HSV antigen relay through epithelial DCs

Using biopsies of initial genital herpes lesions and human foreskin explants, we recently confirmed that HSV is transferred from infected LCs in the epidermis to dermal DCs in human skin. We found that topically inoculated HSV1 or 2 was initially taken up by LCs in the epidermis and these LCs then underwent apoptosis while maturing and migrating to the dermis. In the upper dermis, apoptotic LCs expressing HSV1/2 were then taken up by both dermal CD141^+^ and DC-SIGN^+^ DCs in large clusters. We noted that CD141^+^ DCs in the cell clusters also upregulated the damaged cell receptor CLEC9A, which may mediate this process. Thus, HSV-infected human LCs undergo apoptosis and are taken up by different dermal DCs, which have the potential to present antigen to different T-cell subsets^[@bib41]^ ([Figure 1](#fig1){ref-type="fig"}, red box).

The outcome of this HSV antigen relay in terms of T-cell stimulation is still to be elucidated but in human skin (although not necessarily at other sites), CD141^+^ DCs (equivalent to murine XCR1^+^ DCs) are more efficient than other dermal DC subsets at cross-presentation of exogenous antigens^[@bib40]^ and may well prime CD8 T cells in the skin and lymph nodes. Presumably, other dermal DC subsets, including CD1a^+^ dermal DCs and CD14^+^/DC-SIGN^+^ dermal DCs, present exogenous HSV antigens directly to stimulate CD4 T cells, as in mice^[@bib46]^ ([Figure 1](#fig1){ref-type="fig"}, blue box).

Some of the anomalies noted in mouse models may be explained by the HSV-epidermal-dermal DC relay described above, for example, the absence of LCs or dermal DCs bearing HSV DNA in lymph nodes^[@bib49],\ [@bib52]^ could be explained by DC processing of HSV antigens and DNA occurring en route to the lymph node after uptake of HSV-infected LCs. Indeed Puttur *et al.*^[@bib51]^ found that HSV-infected LCs that did not undergo apoptosis, upregulated e-cadherin and were restricted in their migration out of the epidermis.

A number of critical questions remain in HSV immunology and are addressed in [Table 1](#tbl1){ref-type="table"}. These include what is the relative contribution of each DC subset (skin and lymph node) to T-cell priming in humans and which type of T-cell response does each DC prime? Does cross-priming occur in the skin? Why are there contradictory reports of the relative roles of migratory (dermal DCs) and resident DCs in stimulating T cells in lymph nodes? Is this just a matter of timing, depending on transfer of HSV antigen from a small number of migratory DCs to a larger number of resident DCs (that is, amplification)? And relevant to vaccine design, how critical is each step in this antigen relay for the stimulation of appropriate T- and B-cell responses? Are LCs essential in the process? Could they be bypassed by a HSV vaccine or should the epidermis be targeted?

Using knowledge of natural immunity to inform vaccine design
============================================================

Key antigens for a HSV vaccine
------------------------------

HSV consists of a capsid enclosing the DNA genome, the tegument and an envelope containing glycoproteins including gB, gC, gD and gH/L. During HSV replication non-structural/enzymatic early proteins are expressed first, followed by late structural proteins. All are potential targets for CD4 and CD8 T cells. CD4 T cells mainly recognised late HSV structural proteins, especially gD and gB, consistent with vaccine studies,^[@bib7]^ capsid protein VP5 and tegument protein UL49.^[@bib53]^ In line with this, the majority of neutralising antibodies are directed towards gD and gB.^[@bib54],\ [@bib55]^ In contrast, CD8 T cells from all patients recognise a wide variety of viral proteins, including immediate early and early proteins.^[@bib31],\ [@bib56]^ Thus, vaccine candidates need to target CD4 and CD8 T-cell effectors via different repertoires of antigens and adjuvants.

HSV1 and 2 are very similar with highly related genomic sequences (83% nucleotide identity) and there is high serologic cross-reactivity between the viruses. However, although multiple T-cell epitopes have been defined, only a handful of cross-reactive epitopes in HSV1 and 2 have been identified. First, cross-reactive CD4 T-cell epitopes were defined in envelope glycoprotein gD^[@bib57]^ and more recently, CD4 and CD8 cross-reactive epitopes from multiple proteins from HSV1, HSV2 and varicella zoster virus have been identified.^[@bib58],\ [@bib59]^ This latter finding raises the possibility of a human pan-alpha-herpesvirus vaccine. Theoretically, natural infection with varicella zoster virus could prime CD8 T cells that a HSV vaccine could boost, more easily than elicit. However, this remains to be appropriately tested. It is likely that novel ways of enhancing the magnitude of T-cell responses will be required including an adjuvant or inhibitory receptor blockade.

Prophylaxis versus immunotherapy
--------------------------------

In the case of herpes zoster, memory T cells established in primary varicella zoster infection (and sustained by silent reactivation), although declining with age, might be readily amplified by Shingrix to control herpes zoster. This is likely to be an easier immunologic task than priming effective naive T cells to control a primary HSV infection, as mentioned above. In line with this, immunotherapy with a HSV vaccine consisting of long (35mer) peptides containing HSV epitopes together with heat shock protein Hsp70 and QS21 (HerpV from Agenus) induced specific CD4 and CD8 T-cell responses, correlating with a reduction in viral load and shedding.^[@bib60]^ Moreover, a trial of the Genocea investigational vaccine candidate (GEN003), incorporating CD4 and CD8 T-cell-stimulating proteins (gD and ICP4, respectively) and the saponin-based adjuvant Matrix-M2, significantly reduced genital HSV2 shedding and genital herpes lesions over a 6-month period.^[@bib61]^

Targeting critical DCs with a HSV vaccine for optimal cellular immunity
-----------------------------------------------------------------------

Given the sub-optimal performance of HSV vaccine candidates to date, a more directed approach specifically targeting and activating certain components of the immune system may be required to improve vaccine efficacy. As DCs have crucial roles in stimulating both humoral and cellular immune responses, targeting the right DCs with both antigen and adjuvant raises the possibility of enhancing and tailoring the immune response towards the desired outcome. In the case of HSV, three scenarios can be envisaged: (1) target epidermal LCs with appropriate antigens/adjuvants; (2) Bypass LCs and directly target the secondary dermal/lamina propria LCs; (3) Bypass the need for any migratory epithelial skin DCs for priming T- and B-cell responses DCs and target lymph node-resident DCs, via the lymphatics, as shown in several experimental models,^[@bib62]^ However, migratory DCs do augment these responses and although LN-resident DCs may be able to mount an immune response more quickly than migratory DCs, this is likely not a high priority in a vaccine setting. The targeting of LCs or dermal DCs in the skin and mucosa with a vaccine can be accomplished through delivery of the vaccine into the direct vicinity of the LCs/DCs through epidermal/dermal/mucosal delivery devices such as microneedle arrays. Other approaches include combining the vaccine with an antibody to target the payload to a specific DC subset or an adjuvant that preferentially activates a particular subset of cells.

### Dermal vaccine delivery devices

Microneedle devices are a developing drug delivery technology utilising an array of tiny projections that is briefly applied to the skin or mucosa to deliver vaccines into the dermis. Microneedles can be non-dissolvable or dissolvable and they have marked benefits over the traditional needle and syringe: microneedles eliminate the physical risks and discomfort of needle use and require little/no training to administer; they allow easy administration to mucosal surfaces; they are thermostable when coated with vaccine and most notably, allow for large dose reductions (up to almost 1000-fold) compared with intramuscular injection, without compromising efficacy.^[@bib63],\ [@bib64]^ It has been proposed that the increased potency is a result of enhanced DC targeting by delivery of the vaccine into their direct vicinity in the skin but this has not been confirmed. Microneedles are currently in clinical trials for influenza, polio and measles. Such a vaccine delivery device may be ideal for triggering the natural pathway to HSV immunity, that is, via epidermal and dermal DCs.

If LCs are a critical requirement in the antigen relay that leads to HSV immunity, the challenge of targeting them may be best overcome by delivery via a Nanopatch microneedle array. Most microneedle arrays deliver their payload deep into the dermis, whereas the Nanopatch is an optimised microneedle array that delivers antigen right at the dermo-epidermal junction resulting in efficient antigen uptake by LCs.^[@bib64]^ This has been demonstrated with the Nanopatch delivery of a DNA vaccine for HSV in a mouse model.^[@bib65]^

### Targeting antigen to specific DC receptors

Targeting antigen specifically to DCs by conjugating it to antibodies against C-type lectin receptors expressed on DCs or by modifying the antigen to include the natural ligand of the C-type lectin receptor has resulted in enhanced cellular and humoral immune responses. A number of receptors that would be applicable for targeting dermal DCs have shown promise. DEC-205 is expressed fairly uniformly across all skin DC and macrophage subsets and DC-SIGN is restricted to macrophages and the small subset of CD14^+^ dermal DCs.^[@bib66]^ When DEC-205 or DC-SIGN have been targeted with antibody-conjugated antigen or glycan modified antigen (for example, Lewis X structures for DC-SIGN) the result has been rapid endocytosis of the antigen and enhanced antigen presentation. When the antigen has been delivered in conjunction with an adjuvant, enhanced CD4 and CD8 T-cell responses as well as enhanced antibody responses have been demonstrated in mice.^[@bib67],\ [@bib68]^ However, in the absence of adjuvant, this has resulted in a tolerogenic or unresponsive state.^[@bib69]^ Given their capacity for cross-presentation, CD141^+^ DCs have been targeted in the same ways via Clec9A and XCR1 (conjugated to antibody or XCL1). Several groups have indeed reported enhanced CD8 and CD4 T-cell responses, as well as efficient priming of follicular helper T cells resulting in boosted antibody responses^[@bib70]^ even in the absence of adjuvant.^[@bib71]^ In the presence of adjuvant, targeting XCR1 has resulted in protective immune responses in both viral and tumour models in mice, including mice expressing human XCR1.^[@bib72]^

Targeting LCs in mice with long peptides via a langerin antibody has resulted in enhanced cross-presentation^[@bib73]^ although in mice such LC cross-presentation was insufficient to prime CD8 T cells and in fact induced tolerance.^[@bib74]^ This needs to be further tested with particulate antigens and in humans. Interestingly, Idoyaga *et al.*^[@bib75]^ reported that in the presence of a strong DC stimulus such as CD40 ligand, targeting DEC-205, Clec9A or langerin, resulted in comparable Th1 and CTL responses.

### Adjuvants for stimulating T-cell responses

A final, critical consideration in vaccine design is choosing an appropriate adjuvant. Alum, the adjuvant used in the majority of intramuscular vaccine formulations, cannot be used safely in the skin owing to reactogenicity.^[@bib76]^ Furthermore, several novel adjuvants have been identified that stimulate superior immune responses to alum, which does not stimulate strong T-cell immunity. With increasing knowledge of the mode of action of different adjuvants, it should be possible to target particular DC subsets for activation thus tailoring the resulting immune response. Differences in efficacy between Shingrix (herpes zoster vaccine) and Simplirix (HSV vaccine) could potentially be partially attributed to the mode of action of their respective adjuvants. Although dMPL in both vaccines has been acknowledged for inducing strong Th1 CD4 immunity and boosting antibody titres, saponin-based adjuvants appear to be superior for inducing memory CD8 T-cell responses,^[@bib60],\ [@bib61]^ which may be protective against the reactivation disease herpes zoster. It should be remembered, however, that the requirements for priming memory CD8 T cells are less stringent than for naive CD8 T cells and noted that QS21-containing AS01B did not induce primary CD8 T-cell responses when used in prophylactic HSV,^[@bib77]^ hepatitis B^[@bib78]^ or malaria^[@bib79]^ vaccine trials, unlike its effect in mice.^[@bib80]^

Another promising candidate vaccine in preclinical trials is a trivalent HSV subunit vaccine, containing glycoprotein D2 (a primary target for neutralising antibodies and contains CD4 and CD8 epitopes), UL19 and UL25 (both are prevalent CD8 T-cell targets). When adjuvanted with stable oil in water emulsion and glucopyranosyl lipid A (GLA, a TLR4 agonist), this vaccine induced neutralising antibodies, Th1 polyfunctional CD4 T cells and CD8 T cells in mice and guinea pigs.^[@bib81]^ This included priming naive polyfunctional CD8 T cells that were boosted by subsequent viral challenge, resulting in complete protection and prevention of latent infection in mice.

Where CD8 T cells are critical for immune control of a given pathogen, such adjuvants should be considered in vaccine design, and may be particularly relevant in a boost situation, but as discussed here, results from mouse models may not translate into humans. An important consideration for adjuvant selection, highlighting the difference between mice and men, is that murine XCR1^+^ DCs express TLR3, 4 and 9.^[@bib82]^ Thus, TLR4 agonist adjuvants, including dMPL and GLA, may activate these cells and elicit enhanced naive CD8 T-cell responses in mice. This is unlikely to be duplicated in humans however, as human CD141^+^/XCR1^+^ DCs only express TLR3^[@bib83]^ and are unlikely to be stimulated by such components. A deeper understanding of the mechanism of action of these adjuvants is required. On this note, the liposomal cationic adjuvant formulation incorporates the TLR3 agonist poly(I:C) into liposomes in various iterations and strongly induces cytotoxic CD8 T-cell responses in mice to a range of antigens, including HIV, HPV and tuberculosis antigens.^[@bib84],\ [@bib85]^ CAF09 is the most potent of the series and is being optimised for testing in macaques. Stabilisation in liposomes prevents a non-specific systemic inflammatory response to polyI:C, one of the obstacles to using this TLR ligand as an adjuvant.^[@bib84]^

Concluding remarks
==================

The partial success of HSV vaccine trials with T- and B-cell adjuvants has stimulated development of diverse approaches with novel adjuvants and antigens. As the epidemiology of genital herpes is changing it is recognised that vaccine candidates must include HSV1/2 cross-reactive, immunodominant T-cell epitopes as well as neutralising antibody epitopes to both types. Increasing knowledge of the natural pathways of innate and adaptive immunity to primary herpes will illuminate key requirements to mimic in a vaccine. In particular, the specific skin/mucosal DC subsets to target in order to stimulate appropriate effector responses, including skin/mucosal CD8 T cells in addition to CD4 T cells and neutralising antibody, need to be defined. Furthermore, adjuvants that specifically activate these DCs in order to optimise these responses need to be defined. Finally, recruitment and activation of other critical innate cells, such as NK cells, should also be considered during adjuvant selection.
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![Relay of HSV through epithelial DCs may result in distinct pathways for stimulating CD4 and CD8 T cells. HSV initially infects LCs in the epidermis causing them to migrate into the dermis and apoptosis. Apoptotic, HSV-infected LCs are taken up by dermal CD141^+^ and DC-SIGN^+^ DC subsets that then mature (red box, known^[@bib41]^) and have a potentially differential capacity to stimulate CD4 and CD8 T cells (blue box, unknown). CD141^+^ DCs have been demonstrated to be superior stimulators of CD8 T cells via cross-presentation but have the potential to also stimulate CD4 T cells (dashed arrow), whereas DC-SIGN^+^ DC subsets likely stimulate CD4 T cells.](cti201644f1){#fig1}

###### Critical questions remaining in HSV immunology

  *Critical questions in HSV immunology*                                                                                                  *Potential experimental approach*
  --------------------------------------------------------------------------------------------------------------------------------------- -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Relative contribution of different DCs to CD4 and CD8 T-cell priming/activation and polarisation (for example, Th1, 2, Tfh and so on)   Test the hypothesis that different dermal DC subsets mediate activation of different T-cell subsets and their polarisation in human models of HSV infection.
  Does supplementary cross-priming of infiltrating CD8 T cells occur in skin, in addition to the lymph node (during primary infection)?   Look for responding CD8 T cells *in situ* in primary human HSV infection.
  Role of migratory vs lymph node-resident DCs in T-cell priming.                                                                         This is still controversial in animal models and probably difficult to decipher in humans.
  Which DCs in the HSV antigen relay are critical for T and B-cell responses?                                                             Compare HSV responses in mice depleted for specific skin DC. For example, LC depleted (for example, huLang-DTA); CD103^+^ dermal DC depleted (human XCR1^+^ equivalent; for example, *Batf3−/*−); LC and CD11b^+^ dermal DC depleted with CSF1R antibody.
  Do LCs or dermal DCs need to be targeted with a vaccine?                                                                                Compare vaccine responses for intradermal delivery versus epidermal delivery.

Abbreviations: DCs, dendritic cells; HSV, herpes simplex virus.
